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Surface Contamination: NDE Mapping and Effects on Bond Strength
Abstract
Al 7075-T6 samples have been surface treated by the phospheric acid anodize (PAA) and by the standard FPL
etch for comparison. These samples were then deliberately contaminated, bonded and given lap shear or
wedge endurance tests to discover the effect of the contamination. The results indicate that the PAA surface is
very forgiving of certain types of contamination but not others. The FPL etch surface is sensitive to even a
monolayer of contamination. Our NDI surface contamination automatic mapping facility can detect
contamination well below the level that significantly degrades the adhesive joints.
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SURFACE CONTAMINATION: 
NDE MAPPING AND EFFECTS ON BOND STR~NGTH 
Tennyson Smith 
Rockwell International Science Center 
Thousand Oaks, California 91360 
ABSTRACT 
Al 7075-T6 samples have been surface treated by the phospheric acid anodize (PAA) and by the standard 
FPL etch for comparison. These samples were then deliberatel~ co~taminated, bonded.and given lap shear 
or wedge endurance tests to discover the effect of the contam1nat1on. The results 1ndicate that t~e PAA 
surface is very forgiving of certain types of contamination but not ~the~s. T~e FP~ etch ~urface.1~ sen-
sitive to even a monolayer of contamination. Our NDI surface contam1nat1on aucomat:c m~p~1ng fac1l1ty 
can detect contamination well below the level that significantly degrades the adhes1ve JOlnts. 
INTRODUCTION 
It has been established in a previous reportl 
that our surface tools, ellipsometry, surface 
potential difference (SPO), and water contact 
angle (8H2o) can be used to detect contamination on PAA surfaces. The ellipsometer was found to be 
especially useful because it could detect all 
forms of contamination, process errors and hand-
ling damage. An automatic computer operated map-
ping facility was used to demonstrate that contam-
ination can be located and a warning given if a 
panel was improper prior to adhesive layup. 
The purpose of the present research is to es-
tablish the levels of contamination that signifi-
cantly degrade adhesive joints between Al 7075-T6 
and FM 73 adhesive, and demonstrate our ability to 
detect and map contamination below these levels. 
Procedure 
Panels of Al 7075-T6 were anodized, contami-
nated to various levels in a controlled manner, 
then mapped for contamination. This panel was 
then bonded to an uncontaminated panel and cut up 
for lap shear or wedge tests. Correlations were 
then made between the contamination maps and the 
bond stren~th or crack growth, as a function of 
contaminat1on level. 
Comparison of PAA with FPL etch 
Figure l is a plot of water contact angle vs 
stearic acid contamination thickness on FPL etcned 
and PAA samples. A monolayer or so of stearic 
acid increases 9H20 to >1000 for the FPL 
etched samples. The contact angle on PAA surfaces 
increases, but not as rapidly as for the FPL 
etch. Figure 2 shows that low levels of stearic 
contamination on FPL etch samples decreases the 
lap shear bond strength drastically, whereas the 
PAA surface maintains high lap shear values {4600 
to 6500 psi) even up to 3000A contamination. 
Effect of Contamination Type 
Figures 3 and 4 are water contact angle and 
lap shear bond strength vs contamination thickness 
for lubricating oil and Si1icone grease on PAA 
surfaces. The PAA surface can accommodate much 
more oil than silicone grease for the same in~ 
crease in eH2o. Figure 4 indicates that a small 
amount (~200A) of oil or silicone grease actually 
increases the lap shear bond strength~ Beyond 
200A the laboratory oil has little effect on the 
2'75 
bond strength whereas the silicone grease 
drastically decreases the bond strength. 
Mechanisms 
Explanations for the behavior of the PAA and 
FPL surfaces toward contamination can be obtained 
from the models in Figs. 5 and 6. Figure 5 shows 
a schematic representation of the cross section of 
a FPL etched aluminum surface. This model was de-
rived from SEM, TEM and ellipsometric measure-
ments.2 The FPL etched surface is highly pit-
ted. The pits are of the order of lOt.~m across 
and have smaller pi.ts within. The smaller pits 
have still smaller pits of the order of 500-1000~ 
and -v400A deep. The oxide film is only -vl00-200A 
thick. Contamination films, a f~N monolayers 
thick, form a continuous weak boundary layer on 
the FPL etched surface and thus yields large water 
contact angles and weak adhesive joints. Figure 6 
represents the phosphoric acid anodized surface. 
The anodic film is 3000-5000~ and is made of a 
large density of individual columns of aluminum 
hydroxide with a large porous region between 
columns. Ellipsometry indicates the films are 
about 20% porous. Contaminants are absorbed into 
these pores and actually increase the shear 
strength by filling the voids. The adhesive also 
penetrates the pores and creates a strong mechan-
ical link to the substrate. · 
Experiments have shown that stearic acid and 
lubricating oil can dissolve into the FM 73 epoxy 
adhesive, so that large amounts of contamination 
can be accommodated without degrading the adhesive joint. On the other hand. silicone grease does 
not absorb into the FM 73 adhesive and therefore 
th1ck layers exceed the capacity of the anodic 
layer and strongly degrade the joint strength. 
These mechanisms are consistent with the water 
contact angle results and with the degradation of 
the tensile strength by cotton glove crushing dur-
ing handling. It is our hypothesis that the indi-
vidual hydroxide columns in the PAA anodic film 
are single crystals with large tensile strength 
perpendicular to the substrate, Cotton glove 
smudge crushes these crystals and destroys their 
tensile strength. This explains why the cotton 
glove smudge fails the wedge endurance tests (film 
under tension in humid atmosphere) but not the lap 
shear test. 
NDI Mapping · 
Figure 7 shows a computer contamination map 
of the ends of six Al 7075-16 PAA anodized samples 
after.controlled contamination with silicone 
grease. Sample 6 was not contaminated, the map is 
blank because the ellipsometer signal was sup-
pressed for this control sample. The density of 
dots on other samples is proportional to the devi-
ation of the ellipsometric signal outside the ac-
ceptance band of the control (No. 6). The contam-
ination increases from samples 1 to 5. The con-
trol sample had a lap shear strength of about 
5300 psi as indicated by the bar graph above the 
map. Samples 1 and 2 also had bond strengths 
equal to that of the control even though contami-
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nation wa~ detected. The bond strength of sam-
ples 3, 4 and 5 decreases as the contamination in-
creases. These results indicate that we have met 
our goal of detection of contaminaton below the 
level that causes bond degradation. 
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Fig. 6 Schematic representation of phosphoric 
anodized Al 7075-T6. 
Schematic representation of FPL etched 
aluminum with contaminationtthree 
magnifications. 
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Fig. 7 
SAMPLE 
Computer contamination plot for 
silicone grease on phosphoric acid 
anodized Al 7075-T6. Bars indicate 
relative lap shear bond strengths. 
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MOISTURE DIFFUSION ANALYSIS FOR COMPOSITE MICRODAMAGE 
C. L. Leung and D. H. Kaelble 
Rockwell International Science Center 
Thousand Oaks, California 91360 
ABSTRACT 
The absorption of moisture into fibrous polymeric meterials has been recognized as one of the major 
mechanisms in the strength degradation of such materials as reported by several workshops (1-3) and publi-
cations (4-7). The objective of the work reported here is to use nondestructive evaluation (NDE) tech-
niques to determine the moisture content (profile) within a composite by measuring the w~isture diffusion 
rate and then subjecting the data to a statistical estimation analysis. This reveals the location of 
structural degradation and provides a sensitive inspection method for the serviceability of composites. 
Hydrothermal aging effects on cured graphite-epoxy composites were determined using: (1) acoustic 
attenuation, al., (2) ultrasonic velocity, c1 , and (3) thickness measurements of the composites. Results 
showed that whlle ultrasonic acoustic properties, sample thickness and moisture diffusion profiles are 
highly sensitive to structural degradation, ultrasonic inspection becomes insensitive in areas of exten-
sive internal damage, probably due to high acoustic attenuation which results in loss of signals. Mois-
ture diffusion analysis (MDA), in this case, becomes highly sensitive as a quantitative detection tool. 
Presently, analytical methods are developed to quantify the depth profile of moisture penetration in 
graphite-epoxy composites. Measurement of effusion kinetics over a range of time intervals followed by 
application of statistical estimation theory enables the depth concentration of moisture at initial time 
t=O to be calculated. For a particular model in which the sample is assumed to be exposed to periodically 
changing environments, the model predicts large fluctuations in moisture concentration near the surfaces 
while the interior concentration is relatively constant. 
Moisture evolution from the composite samples 
are measured by the DuPont Moisture Evolution 
Analyzer (Model 902H) as shown below. The 
simplified block diagram shows the general theory 
of operation. The sample to be analyzed is weighed 
and placed in the oven. Moisture in the sample is 
vaporized, transported by the dry carrier gas to 
the electrolytic cell which is coated with a thin 
film of phosphorus pentoxide, and is absorbed by 
the P205. Electrolysis changes the water into 
oxygen and hydrogen, regenerating the P205. The 
current required (0.132~A per molecule of H20) to 
regenerate the P205 is integrated and displayed as 
,total moisture content in micrograms. A strip-
chart recorder can also be attached to measure the 
rate of moisture release as a function of time. 
WAHR EFfUSin/\1 
Fig. 1. Schematic block diagram of DuPont moisture 
evaluation analyzer. 
The sample cell provided with the instrument 
is not suitable for large specimens. Therefore, 
external sample cells have been devised to 
accommodate bar specimens (sleeve type cell) and 
plate specimens (face plate cells). To facilitate 
data collection and analysis, the Analyzer has 
been interphased with a mini-computer via a 
analog-to-digital converter. Thus temperature, 
moisture evolution rate and moisture content can 
be recorded automatically, then either stored or 
displayed. In conjunction with the external 
sample cells, the unit can be portable and 
suitable for field inspections. 
The moisture Evolution Analyzer measuresthe 
moisture release rate, Jm, as a function of time. 
Fig. 2. Front view of Du Pont moisture evaluation 
analyzer. 
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Fig. 4. Schematic block diagram of DuPont moisture 
evaluation analyzer modified for computer-
ized data acquisition and analysis. 
The moisture Evolution Analyzer measures the 
moisture release rate, Jm, as a function of time. 
The Analytical problem is then to calculate the 
initial time, t=O, moisture-cbncentration profile 
from the time history of effusion rate measurements, 
applying statistical estimation theory to this anal-
ysis. The process is represented schematically in 
the following diagram. The values of C (x), when 
plotted as a function of x, gives the moisture pro-
file of the material with the corresponding set of 
Jm's. 
SOLN OF 
DIFFUSION 
EQUATION 
ESTIMATOR 
M,N a, jl, ~. { 3n \ 
M "' NUMBER OF MEASUREMENTS 
N = NUMBER OF ESTIMATIONS 
---ON-LINE 
----OFF-LINE 
c1 "' CONCENTRATION Of WATER IN THE COMPOSITE CORRESPONDING 
TO THE CHEMICAL POTENTIAL 1.11 
= A PRIORI BIAS AGAINST LARGE AMPLITUDE c0 (x) 
= A PRIORI SMOOTHNESS WHICH IS APPLIED TO c0 x IN THE 
RANGE nr,(1-dl' 
r = NUMERIC RANGE FACTOR 0-< f 0.5 
{ •n}"' OBSERVATIONALLY CONDITIONED AVERAGE FOR an 
Fig. 5. Schematic representation of the estimation 
process. 
279 
The three accompanying graphs i}lustrate the 
accuracy of the estimator. Starting with a fully 
saturated material of known dimensions and diffu-
sion coefficients, according to Fickian diffusion 
would have moisture distribution profiles represent-
ed by the solid lines, after 20, 100 and 2000 min-
utes of desorption. 
After each time interval, a set of moisture re-
lease rates, Jm, can be obtained from Fick's Law. 
The inversion of each set of Jm through the Estima-
tor would give the moisture profile of the material 
responsible for that set of moisture release rate. 
These estimated solutions are denoted by the dotted 
lines in the graphs. It can be ssen that the esti-
mated profile agrees very well with the Fickian 
direct solution, thus verifying the Estimator model. 
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The Estimator model can also be used in simu-
lated actual use conditions. In this case, the 
material is allowed to absorb moisture for 20 or 
100 minutes, and then dried for various amounts of 
time. This would be a dry-wet-dry cycle. As shown 
in th: following graphs, the Estimator, taking the 
effus1on rate values, generates moisture profiles 
closely correlated to the direct Fickian solutions. 
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Fig. 10. Estimated moisture concentration profiles 
of an initially dry composite, after lUO 
minutes of absorption and various times 
of desorption. 
In a real experiment using the Moisture Evo~ 
lution Analyzer, the time span the experiment is 
allowed to run strongly influences the accuracy of 
the estimating inversion process. The larger the 
set of times, the better the estimation. This is 
illustrated by the following figures showing the 
moi~ture content as ~ func£ion of 2xposure time. 
Tak1ng the reduced t1me, t = Dt/L , for a typical 
0.5 em thick composite, to completely dry off the 
saturated material would require about 5000 minutes. 
A smaller set of times would give a low moisture 
profile at the sample core by the Estimator. 
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Fig. 1.1. Calculated moisture profile as a function 
of reduced time of absorption. 
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The first figure shows the arrangement for va-
riable moisture exposure of the composite (Fiberite 
934/T300) aged for about a year. Four zones are 
obtained on the sample bar: exposure to ambient 
condition, sealed from ambient environment, expo-
sure to water vapor and exposure to water immersion. 
G" -,.------...----, 
5.5" 
COMPOSITE BAll 
123"c. 50% A.H.i. 
5.5"-+-----
RUBBER SEAL 
F1g. 13. ~chematic of variable moisture exposure 
of composite lFiberite 934/T300) 
The extent of microdegradation of the composite 
bar due to moisture exposure along the length is 
characterized by ultrasonics (acoustic attenuation 
and ultrasonic velocity) through the thickness of 
the bar. Deformation in the physical dimension 
(width and thickness) can also be detected. It is 
seen that in areas of high moisture penetration, 
thus causing high levels of microdegradation, ul-
trasonics (attenuation, and velocity) are excellent 
detection techniques. The damaged zones also show 
signs of swelling because of water penetration. 
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Fig. 14. Effects of varied moisture exposure on 
the ultrasonic velocity and attenuat1on 
of composite (Fiberite 9J4/T30u) 
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Effects of varied moisture exposure on 
the width and thickness of composite 
(Fiberite 934/T300) 
Sections of the composite bar exposed to am-
bient and water immersion conditions can be examined 
by the Moisture Evolution Analyzer and the moisture 
profile generated by the Estimator. A separate 
sample, immersed in water for only 6 hours, is also 
examined. The rates of moisture evolution, as a 
function of time for these samples are illustrated 
in the following. 
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Fig. 17. Estimated moisture profile of composite 
bar after 6 hours of water immersion. 
The moisture profiles of these samples are 
given in the following figures. The amount of 
moisture, in micrograms, agrees very well with 
weighing determinations. One limiting factor is 
that the time duration of the effusion experiment 
is not long enough to provide a good estimation for 
the core of the samples. 
For the saturated sample, there are two dips 
in the moisture profile, at x/L = 0.1 and 0.9. The 
J vs time curve for this sample also shows a hump. 
These anomalies are due to defects in the composite, 
as shown below. 
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Fig. 19. Estimated moisture profile of immersed 
section of composite bar Fiberite 934/ 
T300. 
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An enlarged view of the cross-s~ction of the 
Fiberite 934/T300 used in this exper1m~nt sh~w 
layers of voids in the interlaminar or1ent~t1on 
due to faulty layer-up manufacture. This 1s shown 
by the following photographs. 
Fig. 20. Longitudinal view of composite bar 
showing air voids. 
Fig. 21. Cross-sectional view of composite bar 
showing two layers of delamination. 
Ultrasonic mapping techniques clearly show the 
layer of voids in the plane of the sample. Mois-
ture evolution rates for the transfibrous orien-
tation shows a lower moisture concentration because 
the moisture is being effused at a faster initial 
rate along the planes of the voids, depleting the 
interior moisture content of the sample more rapid-
ly than in the transverse orientation, enabling the 
Estimator to lower the total amount of moisture in 
the sample. Also, the time duration of the effu-
sion experiment is much 1 anger (about 1000 minutes), 
enabling a better estimation at the sample core. 
X POSITION. em 
Fig. 22. Ultrasonic mapping profile of composite 
bar showing regions of voids. 
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Fig. Z3. Estimated moisture prof1le of composite 
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